Abstract
Introduction
Glaucoma, which is the major cause of irreversible blindness worldwide [1] , is a complex disorder characterized by progressive optic neuropathy and corresponding visual field defects [2] . Primary open angle glaucoma (POAG) is the most common form of glaucoma. Nevertheless, the exact mechanism for POAG remains poorly understood, and a great number of patients with POAG have not been diagnosed. Recently, a large number of population-based studies have identified several risk factors associated with POAG, including diabetes [3, 4] , current alcohol consumption [4] , myopia [5] , older age [5] , African ancestry [6] , and a family history of POAG [7] .
Hypothyroidism, which affects nearly 10% of the general population and occurs more frequently among those of advanced age, is a prevalent endocrine disease [8] characterized by low serum levels of thyroid hormones [9] . Hypothyroidism results in a reduction of cellular metabolism and yields a wide range of overt and subclinical symptoms and signs [10] . It has been hypothesized that the deposition of mucopolysaccharides in the trabecular meshwork in patients with hypothyroidism might result in rising intraocular pressure (IOP). In addition, Smith et al. [11] also found that the treatment of hypothyroidism alone would significantly improve the facility of outflow. Thus, POAG might have a significant association with hypothyroidism. In fact, several epidemiological studies have demonstrated this relationship [12, 13, 14] .
However, there have been contradictory reports in the literature about whether hypothyroidism is independently associated with an increased risk of developing POAG. Several previously published studies have reported significant associations. Kim et al. [15] and Girkin et al. [16] found that subjects with hypothyroidism had a significantly greater risk of developing glaucoma compared with controls. Nevertheless, other studies do not support this effect [12, 17, 18] .
Since this question is unlikely to be answered through an individual epidemiological study, the main aim of this study was to determine the potential relationship between hypothyroidism and POAG by using a systematic review and meta-analysis.
Methods

Search strategy
Three databases were used to conduct a computerized search of terms from their inception to February 01, 2017: Web of Science, Embase, and PubMed. The following terms were used in the search: hypothyroidism, thyroid disease, thyroid disorder, thyropathy, glaucoma, ocular hypertension, intraocular pressure, and intraocular hypertension. No language restrictions were applied. A hand search for other potential articles was carried out by checking the reference lists of the original paper.
Inclusion and exclusion criteria
The inclusion criteria for research included in this meta-analysis were as follows: (1) cross-sectional, case-control, or cohort design, (2) evaluated the relationship between hypothyroidism and POAG, and (3) reported relative risk (RR) or odds ratios (ORs) estimates with 95% confidence intervals (CIs) (or provided sufficient data to calculate them). The exclusion criteria were the following: (1) studies involving angle-closure glaucoma or secondary glaucoma, (2) the data provided could not be used to calculate the RRs or ORs, or (3) case reports, abstracts, reviews, and reports with incomplete data. If different publications from the same study subjects were available, the most recent one was included.
Data extraction and quality assessment
Two reviewers extracted the following information independently: first author, year of publication, study design, country of the subjects studied, methods used to determine hypothyroidism, definition of glaucoma, age of the study participants, sample size, outcomes measured with 95% CIs, and the adjusted variables. Two reviewers independently assessed study quality using the tool described by Sanderson et al. [19] The variables of the methods used for selecting study subjects, the methods used for measuring outcomes and exposure, the methods used to control for confounding, design-specific sources of bias, potential conflicts of interest, and statistical methods were examined. Any discrepancies were resolved by discussion.
Statistical analyses
This meta-analysis was conducted using Stata 12.0 (Stata Corp., College Station, TX). Fully adjusted summary estimates were used to assess the relationship between hypothyroidism and POAG; moreover, the adjusted summary estimates and their corresponding 95% CIs were pooled using the random-effects model. A homogeneity test across studies was performed using a Cochran's Q test and the I 2 index. For the Q statistic, P < 0.05 indicated statistically significant heterogeneity. For the I 2 statistic, if I 2 > 50%, heterogeneity was said to exist [20] .
Subgroup analysis according to study design, geographical area, methods used to determine hypothyroidism, publication year, and the number of adjusted variables was performed to examine the impact of these factors on the association. Sensitivity analyses were also conducted, by which the influence of a single study on the pooled effect was examined by removing one study at a time. Potential publication bias was investigated by Begger's funnel plots and Egger's regression test [21, 22] . P < 0.05 was considered statistically significant in the test for overall effect.
Results
Literature search
The initial database search yielded 1,165 potential entries, of which 392 were duplicate publications and thus removed. Of the 773 remaining publications that qualified for title and abstract review, 756 were excluded because of apparent irrelevance, e.g., non-human studies, reviews, or topics other than hypothyroidism. Consequently, 17 studies remained for further assessment and a full-text review. Among them, three studies were excluded because they did not provide sufficient data to calculate the OR [23, 24, 25] . Another three studies were omitted for various reasons: one only provided data about the association between hypothyroidism and chronic rhinosinusitis [26] , one was not based on hypothyroidism but thyroid disease [27] , and one only provided data about the association between hypothyroidism and obstructive sleep apnea [28] . Ultimately, 11 studies, including five case-control, two cohort or nested case-control, and four cross-sectional studies, met the inclusion criteria and were included in this meta-analysis [12, 13, 14, 15, 16, 17, 18, 29, 30, 31, 32] . The detailed process of data selection is described in Fig 1. Characteristics of studies and quality assessment
The characteristics of the included epidemiological studies are shown in Table 1 . The 11 studies were published between 1993 and 2015 and were conducted in several different countries: Canada, Spain, Australia, the United States, Portugal, Chinese Taiwan, and Korea. Of them, five were case-control studies, four were cross-sectional studies, and two were cohort or nested case-control studies. Sample sizes in these studies ranged from 128 to 306,692. The method of definition of glaucoma varied across studies. Most of the studies defined POAG according to glaucomatous optic neuropathy and glaucomatous visual field loss. Several studies also included other diagnostic factors, such as elevated IOP, open angle, and the exclusion of secondary or angle-closure glaucoma. Most of the studies adjusted for confounders such as age, sex, and diabetes in the multivariate analysis. The detailed quality assessment of the included studies is showed in Table 2 . Pooled Estimates of the Association between hypothyroidism and POAG Based on combined results calculated using the random-effect model of the 11 included studies, this meta-analysis showed that hypothyroidism might increase the risk of POAG. As shown in Fig 2, the pooled risk estimate for hypothyroidism and POAG was 1.64 (95% CI = 1.27-2.13), with significant heterogeneity (Q = 59.44; P heterogeneity < 0.001; I 2 = 83.2%).
Considering the significant heterogeneity found among the studies, a set of subgroup analyses were performed based on study design, geographical area, methods for determining hypothyroidism, publication year, and the number of adjusted variables. In terms of stratified study design, the results showed that there was a significant positive association between hypothyroidism and POAG with a case-control design (OR = 1.54; 95% CI = 1.08-2.21; P = 0.018) and nested case-control/cohort design (OR = 1.82; 95% CI = 1.25-2.64; P = 0.002), but not in studies with a cross-sectional design (OR = 1.91; 95% CI = 0.96-3.79; P = 0.066). Next, subgroup analyses were performed according to geographical area. Hypothyroidism was observed to be significantly associated with POAG in studies performed in North America (OR = 1.87; 95% CI = 1.51-2.32; P = 0.021) and Asia (OR = 1.81; 95% CI = 1.35-2.43; P < 0.001). However, this association was not found in studies performed in Europe (OR = 1.00; 95% CI = 0.71-1.41; P = 0.991). The pooled OR was not consistent in studies where hypothyroidism status was ascertained via self-reports as well as by medical records. An association was observed between hypothyroidism and POAG in methods for determining hypothyroidism via medical records, but not in methods for determining hypothyroidism via self-reports. The impact of confounding factors on the estimate of OR was also considered. When studies adjusted for > 3 confounder factors, the summary OR showed that hypothyroidism might increase the risk of POAG; conversely, when studies adjusted for 3 confounder factors, a negative association was observed between hypothyroidism and POAG. Another subgroup analysis based on publication year was conducted, with the results showing that the 1993-2010 publication period did not significantly affect this association. In contrast, a positive association was detected between hypothyroidism and POAG in the 2010-2015 publication period. However, significant heterogeneity was still observed in some of the subgroups. Detailed information about the subgroup analysis is presented in Table 3 .
Sensitivity analysis and publication bias
To evaluate the influence of an individual study on the pooled results, a sensitivity analysis was conducted by deleting one study at a time and calculating the pooled ORs of the rest. The results showed that the deletion of any one single study did not significantly influence the change of the global estimation, suggesting the reliability and stability of the results of this meta-analysis (Table 4 ). In addition, the sensitivity analysis found that Motsko's [18] and Shim's [17] studies were the sources of the heterogeneity. After excluding Motsko's [18] study, the pooled OR was 1.75 (95% CI = 1.54-1.99), with no evidence of heterogeneity (I 2 = 12.0%; P = 0.332). After deleting Shim's [17] study, the remaining OR was 1.63 (95% CI = 1.26-2.12), also with no evidence of heterogeneity (I 2 = 34.7%; P = 0.133) ( Table 4 ). The publication bias was evaluated by using Egger's regression test and Begger's funnel plots. No significant bias was found: The P value for Egger's regression test was 0.612, while for Begg's test it was 0.755, indicating a low probability of publication bias (Fig 3) .
Discussion
Although several risk factors for the development of POAG, such as diabetes [3] , increased age [5] , myopia [5] , and family history of glaucoma [7] have been assessed, this research area remains the subject of ongoing investigation. Early on, in the 1920s, scholars had hypothesized that hypothyroidism was an important risk factor for POAG [33] . They speculated that the low metabolic condition caused by hypothyroidism would lead to decreased enzymatic activity that disadvantageously impacted aqueous humor dynamics. Thus, the belief that a certain relationship between hypothyroidism and POAG might exist has been around for some time.
In order to confirm this potential association, several epidemiological studies have tried but failed to reach a consistent conclusion. Thus, it remains controversial whether or not hypothyroidism increases the risk of POAG. Meta-analysis is a powerful statistical method that allows data on the same topic to be synthesized with greater power to obtain more accurate risk estimations. Meta-analysis was therefore conducted to reach a definite conclusion about the relationship between hypothyroidism and POAG. This study, which was based on 11 previous studies containing a total sample of 381,695 subjects, demonstrated a statistically significant association between hypothyroidism and POAG. Individuals with hypothyroidism were 1.64 times more likely to have POAG than those without hypothyroidism. Subgroup analysis showed that unlike European individuals, North American and Asian individuals had an increased risk of developing POAG. The small sample sizes and resulting insufficient statistical power of the two included studies from Europe might explain this negative association. In addition, it should be noted that in subgroup analyses of study design, cross-sectional design did not show an association; this might be explained by the significant selection bias the crosssectional design was subject to. To achieve a reliable and convincing result, a series of analyses were carried out. Sensitivity analyses were conducted, by which the influence of a single study on the pooled effect was examined by removing one study at a time. The results showed that this analysis did not significantly change the global estimation, which supports the reliability of this study. Additionally, publication bias analysis showed a low probability of publication bias in the pooled results, further demonstrating the robustness of the present meta-analysis. There are some possible mechanisms that could support the notion that hypothyroidism affects susceptibility to and the progression of POAG. One such mechanism is the deposition of mucopolysaccharides and hyaluronic acid in the trabecular meshwork caused by hypothyroidism, which in turn causes an obstruction in outflow that would elevate the IOP [11] . Another potential mechanism might be the increase of outflow resistance in patients with hypothyroidism. Steinet al. [34] demonstrated this by subconjunctival injection of hyaluronidase in normal and POAG subjects, from which it was determined that outflow resistance was significantly lowered in POAG patients.
This meta-analysis showed that hypothyroidism was observed to significantly increase the risk of POAG, although the substantial heterogeneity between effect size estimates limits the ability to draw firm conclusions. This heterogeneity may reflect different eligibility criteria, study populations, definitions of POAG and hypothyroidism, and/or levels of adjustment for potential confounders. To investigate the sources of heterogeneity, stratified analyses according to study design, geographical area, methods for determining hypothyroidism, publication year, and the number of adjusted variables were performed. However, only slight changes were found, and a high level of heterogeneity remained in most of the subgroups. Then, in the sensitivity procedure, it was found that heterogeneity among the included studies could be attributed to Motsko's [18] and Shim's [17] studies; when these studies were excluded, the remainder showed no evidence of heterogeneity. For the Shim's study [17] , several reasons may attribute to the heterogeneity. First, the relative small sample size might be the main source of heterogeneity. In this study, subjects were POAG patients with normal intraocular pressure (IOP) but not IOP ! 21 mm H, as other studies reported. Therefore, patient selection might be the second source of heterogeneity. Third, the low incidence of hypothyroidism in all included subjects might be another cause of heterogeneity. As for the Motsko's study [18] , the exact reasons attribute to the heterogeneity is not clear.
The major strength of this study was that it performed the first meta-analysis to assess the association between hypothyroidism and POAG via an extensive literature search that included as many relevant studies as possible to obtain a more precise conclusion. Another strength of the present study is that the enlarged sample size gave the meta-analysis enhanced statistical power to obtain a more reliable estimation of the association between hypothyroidism and POAG. Lastly, the studies included in this meta-analysis were conducted in different countries, making the results more generalizable.
Several limitations of this study should be acknowledged. First, the diagnosis of hypothyroidism in several of the studies was ascertained based on self-reports, which could cause the misclassification of hypothyroidism patients as non-hypothyroidism subjects. This underestimation might attenuate the true correlation between hypothyroidism and POAG. Second, the sample sizes in some subgroups were too small and had insufficient statistical power to reach a positive association. Third, some of the included studies failed to adjust for common confounding variables known to be risk factors for POAG, which might have affected the pooled results. Fourth, the possibility of publication bias is a major problem in any meta-analysis, because statistically significant results are more likely to be published than those with null results. Nevertheless, we found no evidence of publication bias using Begger's and Egger's tests in this meta-analysis. Finally, significant heterogeneity existed among the studies. Thus, the findings of this meta-analysis should be interpreted with caution.
In conclusion, the findings of this meta-analysis suggest that individuals with hypothyroidism have an increased risk of developing POAG. Given the limitations of this meta-analysis, this conclusion should be interpreted with caution. In the future, both experimental and epidemiological studies are needed to better understand the association between hypothyroidism and POAG. 
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